Potenciais de ionização, afinidades eletrônicas e energias de excitação de hormônios sexuais humanos, tais como testosterona, estradiol, além de outros hormônios relacionados foram calculados pelo método semiempírico HAM/3. O espectro fotoeletrônico observado de um esteróide, a androst-4-eno-3,17-diona, foi analisado por comparação com as energias de ionização calculadas. Os espectros eletrônicos de excitação na região entre 50 e 350 nm foram simulados utilizando os valores calculados. Existe uma banda de excitação característica, de alta intensidade, na região entre 75 e 100 nm em todos os esteróides estudados. Os espectros de transição na região acima de 150 nm são diferentes de uma molécula para outra.
Introduction
The human sexual hormones such as testosterone (male hormone), estradiol (female hormone) and related hormones play fundamental roles in human beings in many aspects. Biological activity of these hormones depends on their geometrical and electronic structure 1 . Therefore, it is desirable to have detailed knowledge of geometrical and electronic structure of these hormones. The human sexual hormones are biologically synthesized in a pathway with many steps starting from cholesterol. The pathway for the biotransformation can be as following: cholestrerol → ⋅⋅⋅⋅⋅ → dehydroepiandrosterone (1) → androstenedione (2) → testosterone (3) → estradiol-17β (4) . Some of the intermediate steps of the biotransformation have been omitted for the sake of convenience. In the previous study 2 , we calculated ionization energies and electron affinities of 5α-androstane and some of its derivatives with the semiempirical HAM/3 method [3] [4] . It was shown that good agreement between theory and experiment for ionization events that originate from non-bonding orbital of carbonyl oxygen and π orbital in C=C bonds were found. Excitation energies calculated by the HAM/3 method reproduce observed spectra fairly satisfactory [5] [6] [7] [8] [9] [10] . The method is also capable of calculating electron affinity 4, 11 . In the present work, we calculate not only ionization energies and electron affinities of the steroid hormones, 1, 2, 3, 4 and nortestosterone (5) but also calculate their excitation energies. The molecular structures of the five steroid hormones are shown in Figures 2-6. We want to know how the electronic strucure changes as the biotransformation proceeds 1→2 →3 →4 and also what the main differences between the male hormone and the female hormone are in terms of the electronic structure and electronic spectra.
Method of Calculation
The molecular geometry of the five steroids was optimized with the MM3(92) method on an IBM RISC6000 Model 320 computer. The ionization energies, electron affinities and excitation energies, together with oscillator strengths of the five steroid hormones, 1-5, were calculated with the HAM/3 program. The configuration interaction (CI) method was employed for the calculations of the excitation energies including about 150 singly excited configurations. The HAM/3 program purchased from QCPE 12 and a SUN workstation SPARC station 1+ was employed for the calculations. Using the calculated ionization energies and oscillator strengths, spectra of the compounds were simulated. A computer program SPECTRUM 13 was employed to draw the spectra. Gaussian lineshape was assumed. The spectra were generated with HWHM(Half-Width at Half-Maximum) value of 10 nm and frequency step size of 1nm.
Results and Discussion
The low resolution HeI photoelectron spectrum(PES) of compound 2, obtained by Cvitas et al. 14 , is schematically reproduced in the Figure 1 . The ionization energies of the compound calculated with HAM/3 are depicted in the top part of the figure. There are two distinct, low energy, low intensity bands in the observed spectrum at 8.90 eV and 9.25 eV . The corresponding HAM/3 values are 8.71 eV (HOMO-1 = n O3 ) and 9.21eV (HOMO-2 = n O17 ), respectively. The agreement between theory and experiment is good for these two ionization events. The first highest occupied molecular orbital (HOMO-1) consists mainly of the nonbonding orbital of the carbonyl oxygen at ring position 3 (n O3 ), whereas the second HOMO (HOMO-2) consists mainly the nonbonding orbital of the carbonyl oxygen at ring position17 (n O17 ). The compound has one carbon-carbon double bond, C4=C5, between positions 4 and 5, in addition to the two carbonyls, C3=0 and C17=0. The third HOMO (HOMO-3) consists mainly of the π-orbital in C4=C5 bond. The ionization energy that originates from HOMO-3 was calculated to be 9.73 eV. The third observed band at 10.17 eV in the PES can be assigned as the ionization event from the C4=C5 bond. The observed bands in the region between 10 eV and 18 eV are broad and complicated. The values of the calculated ionization energies in this region are located close to each other. The observed broad bands are the consequences of overlap of the narrowly located large number of ionization events. There is no way to assign these broad bands.
The reactivity of a molecule against electrophilic reagents depends mainly on the top few HOMO's according to the frontier-molecular orbital method 15 . The reactivity against an electrophilic reagent decreases in the order: HOMO- 1>HOMO-2>HOMO-3>,... The electrons in HOMO-1 are the most reactive against electrophilic reagents because they are the least bound (the lowest ionization energy) to the molecule. The electrons in the HOMO-2 are the second most reactive because they are the second least bound to the molecule and so on. In case of molecule 2, the reactivity against electrophilic reagents decreases in the order: n O3 > n O17 > C4=C5. A positively charged proton in H-X-R can be considered an electrophilic reagent when it establishes a hydrogen bond Y...H-X-R, where X and Y can be either oxygen or nitrogen atoms. The nonbonding electron pair in n O3 should establish stronger hydrogen bond than that in n O17 of 2. This is in accord with the notion that the A-ring plays an important role in the steroid and the receptor interactions 16 . Table 1 lists some of the low ionization energies of the five molecules calculated with HAM/3. In molecule 1, the first HOMO (HOMO-1) corresponds to the π-orbital in the carbon-carbon double bond C5=C6, the second HOMO (HOMO-2) corresponds to the nonbonding orbital of the carbonyl oxygen (C=O) at the position 17, n O17 , and the third HOMO (HOMO-3) corresponds to the nonbonding orbital (n O3 ) of the hydroxyl oxygen (-OH) at the position 3. In the case of testosterone (3), HOMO-1 corresponds to the nonbonding orbital of the 3-keto oxygen (n O3 ); HOMO-2 is the π orbital in the C4=C5 bond; HOMO-3 is the nonbonding orbital of hydroxyl oxygen at 17 (n O17 ). When testosterone interacts with its receptor, the 3-keto oxygen is mainly responsible for interaction with its receptor establishing a hydrogen-bonding network since the HOMO-1 in the steroid 3 is mainly the nonbonding orbital localised on the 3-keto oxygen 16 . In the case of estradiol (4), HOMO-1 is anti bonding combination between the oxygen π orbital in the 3-hydroxyl (-OH) and the π-orbital of the benzene ring (A-ring). HOMO-2 consists mainly of π-orbital concentrated in the benzene ring with negligible contribution from the 3-hydroxyl oxygen. HOMO-3 is nonbonding orbital, n O17 , of the oxygen atom in the 17-hydroxyl (-OH) in the D-ring. The crystal structure of the complex formed by 4 and human estrogen receptor-α ligand binding domain (hERαLBD) has been reported by Tanenbaum et al 17 . According to Figure 3 of reference 16, the 3-hydroxyl in the A-ring establishes a hydrogen-bonding network which consists of two hydrogen bonds: one with Glu 353 and one with a water molecule. The 17β-hydroxyl in the D-ring forms one hydrogen bond with His 524. Since the 3-hydroxyl belongs to HOMO-1 and the 17β-hydroxyl belongs to the The binding between 3-hydroxyl and its receptor is about three times greater than that between 17β-hydroxyl and its receptor. This estimation and the observed fact that the 3-hydroxyl forms two hydrogen bonds while the 17β-hydroxyl forms only one hydrogen bond can be attributed to the difference in the capability of forming hydrogen bond between HOMO-1 and HOMO-3. Table 2 lists calculated electron affinities of the five steroids. Among the electron affinities that originate from the first lowest unoccupied molecular orbital (LUMO-1) of the five compounds, the female hormone 4 has the smallest electron affinity, while the male hormone 3 has the greatest electron affinity of the five steroids studied. LUMO energy is closely related to reactivity against nucleophilic attack. Reactivity of the male hormone 3 against nucleophilic attack should be significantly greater than that of female hormone 4. We saw above that the reactivity of 4 against electrophilic attack is greater than that of 3. The type of LUMO-1 of the majority of the Table 2 is π* (pi antibonding) orbital of carbonyl (C=O). Only exception is the female hormone 4 in which the type of LUMO-1 is π* (pi antibonding) orbital of its benzene ring. Tables 1 and 2 , molecular hardness (η≈(I-A)/2), and Mulliken's molecular electro-negativities (χ≈(I+A)/2)) can be calculated (Table 3) . Molecular hardness and electronegativity can be considered as reactivity indices. The female hormone 4 is the hardest and its molecular electronegativity is the smallest among the five steroids. It has the least tendency of withdrawing electron from others. On the other hand, male hormone 3 is one of the least hard steroids and its electronegativity is the greatest among the molecules. It has the greatest tendency of withdrawing electron from others. In this way, the female and the male hormones show somewhat opposite trends. According to the HSAB literature 19 , high stability and low reactivity are associated with high hardness. The hardness increases in the order 2→3→4. Actual biotransformation proceeds also in the order 2→3→4. It seems that the biotransformation proceeds from soft molecule to hard molecule. Exception is the 1→2 transformation. The hardness of compound 1 is greater than that of compound 2, but actual biotransformation proceeds Table 3 . Molecular hardness (η≈(I-A)/2), and Mulliken's molecular electronegativities (χ≈(I+A)/2) of the five steroides, calculated using the ionization energies (I) and electron affinities (A) listed in Tables 1 and 2 The simulated spectra corresponding to excitation of electrons from ground to excited states of the five steroids in the region between 50nm and 300 nm are shown in Figures 2-6 . A glance at the five figures reveals immediately that there is a very strong, characteristic band in the region between 75nm and 100nm in all of the five spectra. The strong band is the consequence of overlap of many transitions, with significant oscillator strengths, densely packed below ca. 100 nm. Transitions are of σ*← σ type mainly concentrated on B and C rings of the steroid skeleton. The strong band in the region between ca. 75nm and ca. 100nm could be a fingerprint of steroid skeleton. On the other hand, the type of spectrum, band shape and intensity, above ca. 150 nm (low energy region) is different from molecule to molecule. We discuss the five spectra separately. The spectrum of 1 (Figure 2 ) in the low energy region consists of four poorly resolved peaks I 1 , II 1 , III 1 and IV 1 . The suffix 1 of the band designation number (I, II,...) indicates that it is exhibited by compound 1. The band designation number starts from the band located at the longest wave length side of the spectrum and increases towards the short wavelength side. Thus the first band, I 1 , is associated to the band at 243nm (see Figure 2 ), which appears at the longest wavelength side of the spectrum, of the compound 1. The four peaks consist of four medium intensity transitions together with low intensity transitions nearby. The I 1 band at 243 nm is due to transitions from inner molecular orbitals (MO's) to the first lowest unoccupied MO (LUMO-1). The main characteristic of LUMO-1 is π antibonding orbital of carbonyl at C17, π* (C17=O, see Table 2 ). The II 1 , III 1 and IV 1 bands are due to transitions from inner MO's to the second lowest unoccupied MO (LUMO-2). LUMO-2 consists mainly of π* in C5=C6. There are three bands, I 2 , II 2 , III 2 , in the spectrum of molecule 2 (Figure 3 ) in the region between 150nm and 400nm. The low intensity band I 2 at 348nm is from 1→2. This indicates that we can not predict the direction of the biotransformation by just comparing molecular hardness of the molecules involved. mainly due to the π*(C3=O) ← π(C17=O) transition. The strong band, II 2 , around 235nm is due to the overlap of several allowed transitions of π*(C3=O) ← π(C4=C5) and π*(C17=O) ← π(C4=C5) types. There are three peaks, I 3 , II 3 , and III 3 in the region above ca. 100nm in the spectrum of testosterone (3; Figure 4 ). The I 3 peak is due mainly to the π*(C3=O) ← π(C4=C5) transition. The II 3 band in the vicinity of 212nm is a composite of a few transitions from inner orbital to π*(C3=O). The III 3 band is mainly due to transitions to π*(C4=C5) from inner orbitals. The spectrum of the female hormone 4 in the region between ca. 150nm and ca. 300nm, in Figure 5 , is substantially different from that of the male hormone (3, Figure 4 ) in the corresponding region. There are three distinct bands , I 4 , II 4 , and III 4 in the region. They all originate essentially from π* ← π transitions in the benzene ring of the steroid. The first low intensity band (I 4 ) at ca. 258nm is due to the π 1 *(LUMO-1) ← π 1 (HOMO-1) transition. The second band (II 4 ) at ca. 216 nm is mainly due to π 2 *(LUMO-2)← π 1 (HOMO-1) transitions. An observed spectrum taken from the literature 20 is schematically redrawn for the sake of comparison (inset in Figure 5 ). There are two observed peaks, at ca. 280nm and at ca. 220nm. The corresponding simulated spectrum exibits peaks at 258nm (I 4 ) and at 216nm (II 4 ). The relative separation between the two peaks and band shape are similar between the observed and the λ/nm λ/nm simulated spectrum. The III 4 band is very strong and characteristic. It is a composite of some strong transitions originated from π 1 *(LUMO-1) ← π 2 (HOMO-2); π 2 *(LUMO-2) ← π 1 (HOMO-1); π 2 *(LUMO-2) ← π 2 (HOMO-2) and other similar transitions all of which are of π* ← π type transitions in the benzene ring of the steroid. The simulated spectrum corresponding to excitation of electrons from the ground state to excited states of the steroid 5 is shown in Figure 6 . Three distinguishable bands (I 5 , II 5 , III 5 ) can be seen in the 120nm-300nm region. The first band, I 5 , appears at 234 nm. It corresponds to the π*(C3=O) ← π(C4=C5) transition, where π*(C3=O) is the π antibonding orbital of the carbonyl at the ring position 3 and π(C4=C5) is the π bonding orbital at the positions 4 and 5 of the steroid skeleton. The observed UV spectrum (in the 240nm-300nm region) of 5 in the literature 20 is schematically redrawn in the inset of Figure 6 for the sake of comparison. There is a single broad band at ca. 245nm in the observed spectrum. The calculated I 5 band looks very similar to the observed band. We conclude that the observed band in the 240nm-300nm region corresponds to the calculated band I 5 and that is due mainly to the π*(C3=O) ← π(C4=C5) transition. The peak position of the observed band is located ca. 10 nm longer wavelength side, in comparison to the calculated band I 5 . This is most likely due to solvent effect in the observed band. In the theoretical calculation, transition energies of isolated molecules were calculated. Hence, solvent effect was not taken into account in the simulated spectrum. There is a low intensity band at 257 nm, which is visible only as a short stick at the right hand side tail of the I 5 band. In fact there are three additional very low intensity calculated transitions at 280, 291 and 428 nm. The 428 nm transition corresponds to the π*(C3=O) ← η(O3) transition. The II 5 band at 205 nm is due to transitions mainly from orbital located in C and D rings to the π*(C3=O). The π*(C3=O) ← π(C4=C5) transition also contributes to this band. The spectrum of steroid 3 in Figure 4 appears very much similar to the spectrum of steroid 5 in Figure 6 . The molecular structure of the two steroids, 3 and 5, are very similar. The only difference is the presence, in 3, or absence, in 5, of a methyl group at position 10. Interpretation and assignment of each band of the spectrum of 3 is almost identical to that of 5.
Using the calculated values of ionization energy (I) and electron affinity (A) in
It is hoped that the present theoretical studies aid understanding chemical and biological properties of the steroids and stimulate other new experimental works on the electronic spectra of the steroids.
